Multiple-pulse coherent averaging methods are used to increase the resolution and frequency range of optically pumped xenon NMR in nutation and point-by-point precession experiments. We observe quadrupolar splittings in ' 'Xe spectra due to the macroscopic asymmetry of pumping cells similar to those reported previously, but with reduced demands on magnetic-field homogeneity. Cell treatment with hydrogen gas increases the quadrupolar splittings by a factor of 3 over bare Pyrex cells. PACS number(s): 33.25.Fs, 82.65.Yh 
I. INTRODUCTION Recently there has been great interest in spin-exchange optical pumping of noble gas nuclei with alkali-metal atoms [1] . Xenon in particular, with two NMR active isotopes ' Xe (I = -, ' ) and ' 'Xe (I = -, ' ), has been studied extensively. Experiments using optical techniques [2 -4] have demonstrated substantial enhancements of the xenon NMR signals from low-pressure gas samples (containing =10' xenon atoms) which are unobservable by means of conventional NMR detection using samples with thermal spin polarization.
Xe is relatively easily polarized via spin-exchange collisions with rubidium atoms [5] , due to its large exchange interaction and long relaxation times. The optical pumping of ' Xe has been investigated using optical detection methods to observe the effects of the cell surface and temperature on longitudinal decay times (Ti), and to elucidate details of the spin-exchange mechanism. More recently, optically pumped ' Xe has been used (with conventional high-field NMR detection) as a probe of low-surface-area materials [6] , and to investigate cross polarization between ' Xe and ' C [7] or 'H [8] .
The quadrupolar isotope ' 'Xe is more difficult to study, because it has a lower spin-exchange cross section than ' Xe, resulting in a polarization rate that is much slower. Additionally, ' 'Xe relaxation times are typically an order of magnitude shorter. Low-field optically detected ' 'Xe NMR is particularly interesting, however, since ' 'Xe nuclear quadrupolar interactions can be used to probe gas -surface interactions in the pumping cell. In a spherical cell, the auerage quadrupolar coupling due to xenon gas -surface interactions is zero, but, in an asymmetric cell, there remains a residual quadrupolar interaction which breaks the degeneracy of the Zeeman transitions in the NMR spectrum. Initial observations of ' 'Xe quadrupolar splittings of this type were made by Kwon, Mark, and Volk [9] . In further investigations Wu and co-workers [10, 11] have observed quadrupolar splittings on the order of 100 mHz using cells with large and welldefined asymmetry. Similar methods have been employed in observations of very long gas decays used to search for spatial anisotropies [12, 13] , and to investigate possible nonlinearities in quantum mechanics [14, 15] . Such ex- (3) where C is a constant related to the Rb-Xe spin-exchange cross section, y is the wall-induced relaxation rate (that is now written with an explicit temperature dependence), and T', represents all other contributions to the spinlattice relaxation time which are assumed to be only weakly temperature dependent [19] . guadrupolar dephasing of nuclei due to surface collisions was discussed by Cohen-Tannoudji [20] [24, 25] , which accounts for the high sensitivity of xenon to the field gradients. In the optical-pumping experiments, the electric field gradient is assumed to be axially symmetric (i) =0) with the axis perpendicular to the surface. Due to the short adsorption time of the xenon at the surface, the time-averaged quadrupolar interaction is small, so that H& «Hz, and to first order we can consider only the secular part of the quadrupolar Hamiltonian in the laboratory frame:
The angular part of Eq. (7) In a nutation experiment, the signal is observed at the nutation frequency co"and the new Hamiltonian is obtained by transforming Eq. (7) to the rotating frame [22, 26] . The result is that the quadrupolar interaction is modified by a factor ( The cells are then evacuated at 10 torr at 120 C overnight. Rubidium metal is placed in the bottom of the stopcock tube in a nitrogen-or argon-filled glovebox, and the tube is remounted on the gas rack. A small amount of the rubidium is distilled over to the cell using a gas torch. Cells are Slled with a few torr of enriched ' Xe (80%, Isotec Inc.) or ' 'Xe (70%, EGRG Mound) which is then frozen onto the bottom of the stopcock tube, during which time either pure nitrogen or 8% hydrogen in nitrogen bufFer gas is added. After waiting for the gases to mix [5] , the cells are carefully torched o6'and cured at 120 -150'C for a week or more. The curing process has been shown to be important in ' 'Xe cells [11] ,and we often failed to observe quadrupolar splittings, or even rubidium absorption, in uncured cells or cells cured for a week at only 70'C.
Apparatus
A schematic drawing of the experimental apparatus is shown in Fig. 1 To perform the T, measurements on ' 'Xe, the lock-in is set to a long-time constant (1 -3 sec) and the decay of (I, ) probed after pumping. When necessary, the background signal from ' Xe is reduced by applying a gradient rf field at the ' Xe resonance frequency (57 kHz) during the pumping period. In addition, the signal is acquired using a two-step phase cycle in which the odd acquisitions are shifted in phase by 180 while the ' 'Xe magnetization is inverted with a rf pulse prior to acquisi-A. Point-by-point experiments Point-by-point acquisition is important in many areas of magnetic resonance including two-dimensional NMR [29] , zero-field NMR [30, 31] , optically detected electronspin resonance (ESR) [32] , and the detection of multiple quantum coherences [33] . In our experiments the evolution of the system under Zeeman and quadrupolar interactions in the transverse plane occurs during the time between two (m. /2) rf pulses that initiate and terminate evolution. The evolution time is incremented between successive pump and acquisition cycles of the experiment, allowing the time development of the magnetization to be mapped out. In Fig. 2(a) , the evolution is initiated by a (m. /2)"pulse which converts the z magnetization (enhanced by optical pumping in our case) to x magnetization in the transverse plane. Evolution is later terminated by a (m. /2)"pulse reconverting the x component of the magnetization in the rotating frame back into z magnetization that can be monitored using optical detection. A (n. /2) pulse can be used to recover the quadrature component of the magnetization in the rotating frame, although this was not necessary in the current experiments. Optical detection of the z magnetization is particularly sensitive because the only time evolution arises from the very slow T, relaxation (minutes), allowing extended lock-in time constants. Figure 3 shows the results from several experiments.
The first result [ Fig. 3(a) ] is a free-induction decay (FID) of ' Xe that shows a decay time of about 0.3 sec, caused by the inhomogeneities in the magnetic field (58c) not averaged by gaseous diffusion inside the pumping cell.
The second result [ Fig. 3(b) ] demonstrates a CPMG (Carr-Purcell-Meiboom-Gill) sequence [34] , which is designed to refocus dephasing such as that caused by 68O. In this case the decay time extrapolates to approximately 3 sec, the limitation being due to pulse imperfections and diffusion in the period between the 180' pulses. We have also performed spin-locking experiments [ Fig.  3(c) ] with this technique (which yielded slightly longer decay times than the CPMG sequences}, as well as spinecho experiments which can be used to measure diffusion constants.
These experiments were not optimal for ' 'Xe, however, because of the limited signal-to-noise ratio resulting from the inferior spin-exchange rate and shorter T, corn-50 MULTIPLE-PULSE NUCLEAR MAGNETIC RESONANCE OF. . . RRRR RRRR RRRR RRRR .
Data from ' Xe experiments with a nutation frequency of about 8 Hz using R =2m and 8m. rotations, and a MLEV-16 sequence are shown in Fig. 5 . The more complex sequences are designed to be insensitive to a wide bandwidth of pulse imperfections, but in our experiments they produced no improvement over simple phase alternation.
C. ' 'Xe nutation experiments Figure 6 shows the phase-reversed nutation data at 120'C for ' The ' 'Xe Tj data for the hydrogen cell is shown in Fig. 7 , and has the temperature dependence predicted by Eq. (3) and reported by other workers [19, 38] . The values for y (2. 1X10 sec ') and 1/TI (1.1X10 sec ') derived from the fit of Eq. (3) to the data are in accordance with those reported for cells with N2 buffer gas [19] . We were unable to obtain any spectra from ' 'Xe in a surfrasil coated cell due to the dramatic reduction in T, ( &10 sec [11] Several researchers have reported [9, 11, 36] 
